Headspace solid-phase microextraction coupled with gas chromatography and mass spectrometry detection (HS/SPME-GC/MSD) was optimized for trihalomethane (THM) determination in drinking water. A 75 μm fiber coated with carboxen/polydimethylsiloxane (75-CAR.PDMS) was used.
INTRODUCTION
SPME is an expeditious, inexpensive, solvent-free, and simple sample preparation technique for chromatographic analysis (Pawliszyn ) . Furthermore, it is a useful alternative to LLE and solid-phase extraction (Popiel & Sankowska ) . The method also has remarkable advantages over conventional static headspace and purge-and-trap techniques in terms of reproducibility (Ai ) . SPME has been widely used in environmental analyses, specifically for preconcentration of analytes from water matrices. SPME technique have been developed not only to address the need for a reduction in solvent use and in the size of extraction instrumentation but also to explore the ability of this approach to facilitate rapid and convenient sample preparation. Small extraction devices facilitates on-site applications, and allow for coupling to a variety of analytical micro-instrumentation. SPME is more convenient and cost effective compared with conventional exhaustive extraction approaches (Pawliszyn ) .
In this technique, a coated fiber is placed in contact with the sample matrix for a predetermined period of time. It is left until the analyte concentration has reached the distribution equilibrium between the sample matrix and the fiber coating. Once this equilibrium is achieved, the extracted amount of analyte is independent of fiber exposure time (Lord & Pawliszyn ; Ouyang & Pawliszyn ; Spietelun et al. ) .
This work investigates the effect of experimental factors on headspace SPME (HS-SPME) for THM analysis in drinking water samples to optimize the procedure. These factors include extraction time, desorption time and temperature, sample volume, magnetic stirring, and salt addition (NaCl).
Additionally, a 75 μm fiber coated with carboxen/polydimethylsiloxane (75-CAR.PDMS) was used for the analysis.
MATERIALS AND METHODS

Reagents
The THM standard solution: THMs calibration mix: chloroform, bromodichloromethane, dibromochloromethane, and bromoformo (2,000 μg/mL each component in methanol, analytical standard). An internal standard of 2,000 μg/mL fluorobenzene (FB) in methanol and a surrogate standard of 2,000 μg/mL 1-bromo-4-fluorobenzene (BFB) were also prepared. All reagents were purchased from Supelco (Sigma-Aldrich). Methanol (gradient grade) and sodium chloride (99.5%) were purchased from Merck. The water that was used was filtered by a Milli-Q system.
Gas chromatography system and instrumentation
Chromatography analysis was performed using an Agilent Technologies 7,890 A GC system gas chromatograph coupled to an Agilent Technologies 5975C VI mass detector (GC/MSD). The gas chromatography/mass spectrometer interface temperature was held at 180 W C while the source temperature was kept at 230 W C. For each GC run, the temperature was first set at 60 W C for 2 min, ramped at 12 W C/min to 180 W C, and held at this temperature for 2 min. Next, the temperature was ramped at 20 W C/min to 240 W C. 
RESULTS AND DISCUSSION
Effect of extraction time
The selection of the optimum extraction time is one of the critical steps in SPME method development. The equilibrium time is the duration after which the amount of extracted analyte remains constant. It has been shown that the lowest detection limits and the highest reproducibility are obtained at the equilibrium time (Soh & Abdullah ) . To determine the optimal extraction time, the period the fiber was allowed to absorb volatile THMs was varied between 1 and 20 min at 25 W C. Thus, experiments were performed using an extraction time of 10 min in all subsequent trials. 
Effect of sample and headspace volumes
Effect of desorption temperature
The increase of desorption temperature enhances the diffusion coefficient of the analytes in the fiber while decreasing the distribution constant between the fiber and the carrier gas (Román & Nogueroles ) . Figure 3 shows the effect of desorption temperature on the THM peak areas from HS/SPME-GC/MSD analysis. Desorption temperature was increased from 180 to 230 W C. Higher temperatures were not assayed to avoid rapid fiber degradation.
The response peak areas decreased when desorption temperature was increased. However, the peak widths decreased at higher temperature, implying better selectivity.
These results were similar to those received from VOCs analyzed by SPME-GC/MS such as CHCl 2 , C 2 H 4 Cl 2 , C 6 H 6 , C 2 HCl 3 , CHCl 2 Br, CHClBr 2 , C 2 Cl 4 , and CHBr 3 (Lara-Gonzalo et al. ). Therefore, 230 W C was selected as the desorption temperature for further experiments. Figure 4 shows the effect of desorption time on THM peak area. The desorption time was increased from 1 to 10 min at 230 W C. It was found that after 3 min, each THM was completely purged. To further demonstrate this effect, the fiber was analyzed a second time after desorption and prior to re-exposure to a sample, and no peaks were found in the resulting chromatogram. Therefore, 3 min at 230 W C was sufficient to remove all THMs from the fiber. Further experiments were performed using these conditions.
Effect of desorption time
Effect of magnetic stirring on extraction
Agitation is required to increase the transport of analytes from the bulk of the solution to the vicinity of the fiber (Alonso et al. ). Figure 5 shows the effect of magnetic stirring on THM peak areas. Samples were stirred with a spin bar on a magnetic stirrer. The magnetic stirring was increased from 0 to 1200 rpm. The highest peak area was reached at 800 rpm for all THMs. However, the peak area decreased for Br 3 CH above 800 rpm and for Cl 3 CH, BrCl 2 CH, and Br 2 ClCH above 1000 rpm. This might be due to liquid droplets depositing on the surface of the fiber. Therefore, further experiments using magnetic stirring were performed at 800 rpm. In HS-SPME, sodium chloride or sodium sulfate can be used. Figure 6 shows the effect of NaCl on THM peak areas without magnetic stirring. NaCl weight was increased from 0.0 to 1.8 g (saturation limit of 0.36 g/mL). The highest peak area was attained using 1.8 g NaCl in 5 mL samples. Figure 7 shows the combined effect of magnetic stirring and salt addition on THM peak areas. The interaction of magnetic stirring and salt addition produced a synergistic effect. Therefore, subsequent experiments were conducted with 800 rpm and 1.8 g NaCl.
Combined effect of magnetic stirring and salt addition
Together, the optimal conditions for THM analysis with HS/SPME-GC/MSD using 75 μm fibers coated with carboxen/polydimethylsiloxane (75-CAR.PDMS) were concluded to be as follows: an extraction time of 10 min, an extraction temperature of 25 W C, a sample volume of 5 mL, a desorption time of 3 min, a desorption temperature of 230 W C, magnetic stirring at 800 rpm, and an addition of 1.8 g NaCl (solution saturation).
Method validation
Calibration studies were conducted with the given optimized conditions to validate the HS/SPME-GC/MSD method and to demonstrate its suitability for THM analysis.
The following parameters were calculated: the linearity with the correlation coefficient (R 2 ), the precision as the relative standard deviations (RSD) of three replicates for each concentration level, and the accuracy as the percent relative recovery. In addition, the limits of detection (LOD) and quantification (LOQ) were also determined.
Calibration curves of each THM in aqueous solution
were prepared using the same technique as the internal standard. FB and BFB were used as internal and surrogate standards, respectively. The extraction time profile for the internal standard was also performed to determine the equilibrium time for extraction, which was less than 10 min (data not shown). A series of THM solutions with concentrations ranging from 10 to 150 μg/L were prepared.
They were spiked with the internal and surrogate standards at 80 μg/L. The linearity of the HS/SPME-GC/MSD method was evaluated by plotting the ratio of the analyte peak area to the internal standard peak area versus the THM concentration in solution (Figure 8 ). The correlation coefficients (R 2 ) are show in Table 1 . These values suggest a strong linear response of the analytes.
To check if there was a statistically significant correlation between the peak areas and THM concentrations, a hypothesis test was performed. The null hypothesis (H 0 ) β ¼ 0 and the alternative hypothesis (H A ) β ≠ 0 were used. Table 1 shows that for the calibration curve t obs was greater than t (α/2,nÀ2) . Therefore, the null hypothesis is rejected, and the alternative hypothesis is accepted. This implies that there is a significant correlation between concentration and the areas.
The LOD was calculated based on the THM concentration that produced a signal-to-noise ratio (S/N) of 3 using Milli-Q water spiked with low levels of THMs. Similarly, LOQ was calculated based on a signal-to-noise ratio (S/N) of 10 (Mitra & Brukh ; Huber ) . The LOD
and LOQ values are show in Table 1 . All THMs exhibited low LOD and LOQ values. Therefore, the proposed HS/SPME-GC/MSD method is highly sensitive.
The precision of the method was evaluated by calculating the relative standard deviation (%RSD) of five replicates using THM standards at 100 μg/L. %RSD for precision ranged between 1.3 and 3.1% (Table 2) . For SPME-GC applications, typical standard deviation values should be below 5% (Food and Drug Administration ).
Additionally, these values are within the %RDS limit for a 100 μg/L standard given by the Association of Official Analytical Chemistry as below 15% (AOAC ).
The accuracy was evaluated by the percent relative recovery (%REC) ( Table 1) . %REC for accuracy ranged between 94.4 and 107.8%. These values are within the given limits of the AOAC (80-110%).Additionally, it was found that t obs was less than t (α/2, n-2) with a 99% confidence level. This result implies that the HS/SPME-GC/MSD method has an accuracy required for the given confidence interval.
The reproducibility of the HS/SPME-GC/MSD method with 75-CAR.PDMS fibers was evaluated by peak area using 100 μg/L THM standards in five replicate samples, Figure 9 .
The reproducibility is expressed as the relative standard deviation (%RSD) (Mitra & Brukh ) . The %RSD was in the range of 3.7-6.9%. Thus, the method is precise 
CONCLUSIONS
Headspace solid-phase microextraction coupled with gas chromatography and mass spectrometry detection (HS/SPME-GC/MSD) using a 75-CAR.PDMS has been successfully calibrated for the determination of THMs in drinking water. 75-CAR.PDMS presents high sensitivity and a reasonable analysis time. The optimal conditions for the HS/SPME-GC/MSD method were concluded to be as follows: an extraction time of 10 min, an extraction temperature of 25 W C, a sample volume of 5 mL, a desorption time of 3 min, a desorption temperature of 230 W C, magnetic stirring at 800 rpm, and an addition of 1.8 g NaCl (solution saturation).
